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Efficient generation of high-energy quasi-monoener getic ion beamsusing
laser -induced cavity pressure acceleration
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Results of 1D particle-in-cell (PIC) simulation®aresented for the recently proposed laser-
induced cavity pressure acceleration (LICPA) scheémehe regime of high radiation
pressure. In LICPA the target foil is placed ins&deavity, and the laser beam irradiating the
target is introduced into the cavity through anrape. It is shown that using a circularly
polarized laser pulse of intensity ~*1@v/cn and a picosecond duration, irradiating a thin
carbon foil placed in a cavity, quasi-monoenergetiarbon ion beams are obtained with
average ion energies more than twice as high asethabtained without the cavity
enhancement. PIC simulation results are compartdtixe predictions of the laser-sail model
generalized to incorporate the cavity reflecticansgl an interesting and surprising agreement

is found.

One of the important issues in the laser-drivendoceleration is the efficiency of the
laser-to-ion energy conversion. In this note wasider the problem of improving this
parameter by “recycling” the energy of the incitlaser pulse. The idea is to put the solid
target inside a cavity, into which the laser beamnitroduced through an aperture. The
presence of the cavity should result in redirecirgubstantial part of the reflected laser light
back onto the main target, thus increasing the amot laser energy converted into the
energy of accelerated particles. This propositiemmiotivated by the success of such an
approach - called the laser induced cavity presaaoeleration (LICPA) - in accelerating
dense plasma projectiles using high-energ¥00J) sub-nanosecond laser pulses at sub-
relativistic laser intensities, where it was foutodbe almost an order of magnitude more
efficient than the conventional ablative accelemmtmechanism [1]. This was mainly due to
the plasma pressure buildup in the cavity, butititeeased laser absorption caused by the
presence of the cavity also played a role. A pdsgialization of the LICPA approach in
the radiation pressure regime is schematicallyvshio Fig. 1.

To obtain a quantitative estimate of the effectasnof the new scheme we performed

a 1D patrticle-in-cell (PIC) simulation of the laseteraction with a target consisting of a fully
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Fig. 1. A schematic Fig. 2. lon energy spectra at a distance of 150nam the target, obtained in a 1D
drawing of a foil target PIC simulation for a 2 um carbon target irradiabyda 2 ps laser pulse with

with a barrier forming a intensity 2.5x18" W/cn?, without cavity reflection (black curve) and withvity
cavity, designed to redirectlength varying from 40 um to 160 um. The reflectiomefficient on the inner
a substantial part of the cavity wall was assumed to bR = 0.64.

incident laser light back

onto the target.

ionized carbon plasma forming a 2 um thick homogerayer with the ion number density

= 10Pcm?, with an exponential pre-plasma layer on the frside of the target with the
density gradient scale length equal to 0.25 pme ddhsidered a circularly polarized laser
beam, since in this case the laser-plasma interactimuch more regular due to the absence
of the oscillating component in the ponderomotiveeé. We assumed that the laser pulse has
wavelength of 1.064 um, a super-Gaussian proffle= | -exp(%z°), with I, = 2.5x16*
W/cn?, and FWHM equal to 2 ps. The laser light reflddi@m the carbon foil back towards
the laser is assumed to be partially reflected feofmirror” placed at a distandg from the

foil in the upstream direction, and redirected b&mkards the carbon foil (several further
reflections may occur). The reflection coefficidat the radiation intensity was assumed to
beR; = 0.64. Simulations were done for the cavityglér; varying in the range 40-160 pm.

In Fig. 2 we show energy spectra of the acceleratesi measured at the distance of 150 pm
from the original target, for various values of ttevity length, compared with the case when
there is no cavity (i. eL. = +0). These spectra are rather narrow, which showsthea
reflections inside the cavity do not spoil the parrenergy spread of the ion beams generated
by the circularly polarized pulse. We see thatahergy distribution is shifted towards higher

energies as the value af is decreasing, but this dependence is not sogtron
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Fig. 3. The average ion energy per amu, as a fumctFig. 4. The cavity enhancement factor for the
of the acceleration length, as predicted by theP1D average ion energy, as a function of the laser
simulation for a 2 um carbon target irradiated b¥ aintensity, as predicted by the laser-sail modelaf&

ps laser pulse with intensity 2.5%t@/cn?, without pm carbon target irradiated by a 2 ps laser pulde w
cavity reflection (lower set of dots) and with dgvi intensity 2.5x1&" Wi/cnf, with an 80 pm long
length of 80 um (upper set of dots). The reflectiaravity. The lower continuous curve corresponds to
coefficient on the inner cavity wall was assumethe¢o the reflection coefficienR, = 0.64, while the upper
R. = 0.64. Continuous lines indicate predictionstaf t dashed curve corresponds R = 0.81. Energies
laser-sail model. were determined at the distance of 500 um from the

target.

The effect of the cavity enhancement may be alsetibted by plotting the average
ion kinetic energy per amu as a function of theebaration length (defined as the distance
travelled by the laser-plasma interaction frong),saown in Fig. 3 forL; = 80 pum. In this
case it is found that at the distance of 150 pmatrexrage ion kinetic energy per amu is 47
MeV, compared to 22 MeV obtained without the caviflections. This translates into the
laser-to-ion conversion efficiency of 42%, compare®0% efficiency predicted by the 1D
PIC simulation without the cavity.

Our PIC simulation shows that the accelerated plasmains spatially localized, so it
is also interesting to compare the results withpiteglictions from the light-sail (LS) model
[2]. The equation of motion for a foil of mass diéyg and thicknesd being accelerated by a
radiation pressure of a laser pulse with the sitg(t) may be conveniently written in the
form

y dg_2(%)

) 1-Bdw  pdc
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where B = vic, y=(1-p*2 andw = ct — x is the retarded time variable. In this
formulation it is straightforward to incorporateetbffect of reflections inside the cavity. Let
us denote by, the values oilv for which the laser pulse reflected from the &rikes the
cavity wall at the origin of the coordinate systemthej-th time. We may then define a
sequence of functiond(w) with j = 1, 2...., representing the position of the foilW in the
interval w1, wj], and a sequence of functiom® (w) representing the total laser energy

incident on the foil, expressed in units of halttué relativistic rest energy of the foil. We

assumen = 0,xXY(0) =L¢; then w; = 2L, and more generallw,,, =w +2x” (w). Given
eP(w), the relativistic speed is then given®y (w) = [ (1+ €& (W)’ 1] /[ (1+ &’ (WY +1],

and x(j)(w) may be determined by integrating the equatinfiw=5/(1-5). We then have

2 wW(w)- &)
pact | 0 O R (i i @ (wo)

2 P(w=e'(w)+

whereR; represents the reflection coefficient from thesincavity wall. The functiom®(w)
gives the value of the retarded time from the wakfw;.1, wi] characterizing the ray which
after reflection from the accelerating foil strikde inner cavity wall at the instant
belonging to the intervalj, wi+1]. This set of formulas allows us to determine plsition
and the kinetic energy of the foil in a recursivay. The areal density of our carbon foil
including the pre-plasma was = 4.573 g/m. As may be seen in Fig. 3, the predictions for
the foil ion energy per amu as a function of tbeederation length obtained from the LS
model are in surprising agreement with the PICItesWe verified that this interesting
agreement holds for the full range of cavity leisgtbnsidered here. Assuming that this
agreement would hold also for other values of éisel intensity, we may analyze the
dependence of cavity enhancement factor on tlee laensity. As shown in Fig. 4, this
factor may be as large as 5 at the intensity oD3%&/cn¥, but it is decreasing with

increasing intensity.
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